Methane-producing bacteria represent a diverse group of fastidious hydrogen-oxidizing anaerobes. Little is known about their metabolism or the biochemical mechanisms involved in the synthesis of methane from carbon dioxide. Recently, Taylor and Wolfe (16) identified 2-mercaptoethanesulfonic acid (HS-CoM) as a cofactor involved in methanogenesis. Enzyme reactions involving three forms of the coenzyme, HS-CoM, 2-(methylthio)ethanesulfonic acid (CH3-S-CoM), and 2,2'-dithiodiethanesulfonic acid [(S-CoM)2] were described. (S-CoM)2, the disulfide form ofthe coenzyme, can be enzymatically reduced to the active form, HS-CoM. HS-CoM is methylated to form CH3-S-CoM, which is enzymatically demethylated to yield CH4. This cofactor is present in methane bacteria thus far examined. However, it was discovered that Methanobacterium ruminantium strain Ml required HS-CoM as a growth factor, demonstrating a typical vitamin-coenzyme function similar to the B vitamins (15) . Since coenzymes often have been found to be ubiquitously distributed in nature, strain Ml provides the basis of a bioassay to determine HS-CoM levels in other biological materials. The development of a sensitive, quantitative, and reliable bioassay for such a large-scale search required the modification of traditional anaerobic techniques.
Procedures for the growth and maintenance of strict anaerobes are based on the pioneering work of Hungate (9) . These methods provide an oxygen-free environment at a low redox potential. Modifications of the original procedure are well documented. An excellent review by Hungate (10) as well as discussions by Bryant (3), Holdeman and Moore (6, 7), Macy et al. (12) , Miller and Wolin (14) , and Edwards and McBride (5) delineate the variations and versatility of the technique as adapted to specific laboratory needs. However, for routine use with a methanogen, the most strict of known anaerobes, these procedures proved too laborious and variable to handle 200 to 300 cultures on a daily basis. Since the methane bacteria utilize hydrogen and carbon dioxide, the gas atmosphere must be supplemented at numerous intervals to maintain growth and avoid substrate limitation. Frequent removal and insertion of stoppers when flushing with hydrogen and carbon dioxide is very time consuming and subjects the cultures to the risk of oxidation and contamination. In our hands the butyl rubber septum (12, 14) Modification of pressure cookers as anaerobic incubators. Agar plates were incubated anaerobically in an atmosphere of 80% hydrogen and 20% carbon dioxide in a 4-quart pressure cooker (no. 0494-37; Mirro Aluminum Co., Manitowoc, Wis.), which was modified as follows. One round of stainless-steel (outer diameter, 3.5 mm) wire was mounted snugly inside the groove of the neoprene seal to avoid collapse of the seal under negative pressures. Seals require occasional replacement. To the center pressure release vent was added a 16-cm length of thick wall (outer diameter, 9.5 mm) butylrubber tubing to which was attached a 6.25-mm twoway glass stopcock (Fig. 2) . The safety-valve was removed from the chamber and replaced with a no. 00 black rubber stopper through which a syringe needle could be inserted for sampling or repressurization. All fastenings were sealed with Epoxi-patch (C. H. Dexter, Div. of The Dexter Corp., Windsor Locks, Conn.). Gas was exchanged through alternate vacuum and pressure cycles as described for serum tubes. Such a modified cooker will hold pressure up to 2 atm for several weeks.
Anaerobic hood. A Freter-type anaerobic hood (Coy Manufacturing Co., Ann Arbor, Mich.) with a 90% nitrogen-10% hydrogen gas phase was used for anaerobic manipulations (1). The palladium catalyst was exchanged weekly, with the catalyst being reactivated at 160°C for 2 h. Oxygen concentration in the hood averaged 4 ,l/liter. Glassware and plasticware were left in the hood to equilibrate with the hood gas for a minimum of 1 and 24 h, respectively, prior to use. Volatile sulfur compounds responsible for catalyst poisoning were removed by a 1.5-cmthick bed of activated charcoal (8 to 10 mesh) in a tray located immediately beneath the catalyst tray. The use of activated charcoal for the removal of volatile sulfides is based on the work of Hudson et al. (8) and Miquel et al. (13) . A hood equilibrated to 100 ,lI/liter of H2S contained less than 1 ILl/liter of H2S after a 30-min circulation of the gas phase over the activated charcoal bed. No decrease in H2S concentration was observed using a AgSO4 solution (160-cm2 surface area) as described by Aranki and Freter (1) during the same time period. Oxygen concentration increased from 4 to 34 ILI/liter in 4 h when hood gas containing 100 pl/liter of H2S was circulated over the palladium catalyst bed in the presence of the AgSO4 solution. When the tray of activated charcoal was substituted for the AgSO4 solution under identical conditions, the oxygen concentration remained at 4 ,ul/liter. A forced-air filter used for a germ-free hood (Standard Safety Equipment Co., Palatine, Ill.) was installed inside the hood and provided a particle-free atmosphere.
Growth studies. M. ruminantium strain Ml was maintained on the broth medium described above supplemented with 630 nM HS-CoM in a 125-ml serum bottle at 2-atm pressure of a 80% hydrogen and 20% carbon dioxide gas mixture. Inoculum for bioassays was prepared by transferring 100 ,l of the stock culture at an absorbance (660 nm) of 0. to 10 ml of HS-CoM-free medium in a 125-ml serum bottle. Incubation was continued until an absorbance (660 nm) of 0.03 to 0.05 (36 to 48 h) was reached. A 100-,ul portion was subsequently transferred to each serum tube to initiate an experiment. The exterior surface of each stopper was flame sterilized prior to insertion of the syringe needle. Inoculated serum tubes were maintained stationary for 24 h at 38°C followed by incubation on a reciprocating shaker (100 strokes/min) at an angle of 100. Growth was followed at 660 nm with a Spectronic 20. All data were corrected for deviation from Beer's law at absorbance (660 nm) readings above 0.4. One optical density unit corresponds to a cell mass of 2.0 + 0.1 mg/ml. Triplicate cultures were used unless specified otherwise.
Pressure measurements. Gas pressure within the stoppered culture tubes was followed with a Warburg manometer which was modified to accommodate syringe injection (Fig. 3) . A 100-pLI portion of gas was removed from the culture gas phase aseptically and anerobically with a 500-,ul gas-tight Pressure-Lok gas syringe (series A2-19377 The prereduced coenzyme-free medium was dispensed, 5 ml/tube, in a Freter-type anaerobic hood (1). Additions to each tube, such as coenzyme derivatives, were made at this time as desired. These additions were flushed free of oxygen prior to use. The tubes were sealed and crimped in the hood. After removal from the hood the gas phase in each tube was exchanged for the substrate, hydrogen-carbon dioxide, by means of a gassing manifold ( Fig. 1 and 5 ). Each gassing channel was inserted into a separate tube, and the gas was simultaneously exchanged in the eight tubes through operation of the three-way valve. Normal working pressure was 2 atm. The pH of the pressurized medium was 6.8. Three pressurization and vacuum cycles provided a 99.9% gas phase of 80% hydrogen and 20% carbon dioxide, reducing the oxygen level from 4 p,l/liter to less than 0.025 p,l/ liter. Using eight channels, 100 tubes could be flushed and pressurized in less than 15 min. Tubes pressurized up to 4 atm were autoclaved without additional equipment. After autoclaving, all additions to the medium were made with sterile disposable syringes which had been flushed free of oxygen.
As active cultures consumed the gas-phase substrate during growth, tubes were repressurized aseptically to 3 atm, with the gas being passed through sterile, stoppered, cotton-filled syringe barrels (Fig. 5) . Care was taken to flush oxygen from the barrel before the syringe tip was inserted into the culture tube. Repressurization required 5 s. A syringe equipped with a three-way valve was required for single cultures only (Fig. 6) . Here, a single gas line and vacuum source were necessary to pressurize or exchange the gas in one tube at a time. Removal of the stopper from each tube at the end of an experiment was facilitated by the pressure within the tube and by use of the seal remover tool.
Growth. Figure 7 illustrates the typical relationships observed between absorbance, CH4 production, and gas pressure. As growth proceeded, pressure in the tube dropped. By 60 h, the pressure had dropped to 1 atm. The tube was aseptically repressurized to 3 atm as indicated by the dotted line. This cycle was repeated once more prior to termination of growth. A typical doubling time of 10 h was observed during logarithmic growth (Fig. 7) . Neither CH4 accumulation nor elevated H2 partial pressures were found to inhibit growth. One hundred active cultures required only 10 to 15 min using this repressurization procedure to supply ample substrate for an entire growth curve.
Stability of HS-CoM to dry heat. HS-CoM is a heat-stable molecule, degrading slowly at temperatures below 2250C. To insure that all glassware used in the bioassay was free of the coenzyme, it was routinely exposed to 425°C for 24 h prior to use. Glassware contaminated with up to 1 gmol of HS-CoM and heat treated to 425°C for 24 h possessed no biologically active HS-CoM when incubated with HS-CoM-free medium and strain Ml ( Table 1) .
Stability of HS-CoM to moist heat. HS-CoM was stable to autoclaving at 121°C for 20 min at pH 7.0. The response of strain Ml to the coenzyme was identical whether HS-CoM was autoclaved in the medium or filter sterilized, flushed free of 02, and added aseptically after sterilization of the medium ( Table 2) .
Relationship of HS-CoM concentration to growth and CH4 production. When the effect of increasing cofactor concentration on the growth rate of strain Ml was studied, a typical vitamin relationship was observed. Figure 8 illustrates the relationship between total CH4 formed, maximal cell density, and increasing cofactor concentration. With these parameters a halfmaximal coenzyme activity at 25 nM HS-CoM was observed, representing a very sensitive bioassay.
Plate assay for HS-CoM. By use of modified pressure-cookers as anaerobic incubation chambers at elevated pressures of 80% hydrogen and 20% carbon dioxide, a plate assay for HS-CoM was developed. In the anaerobic hood each 10-ml portion of assay medium, which contained 2% agar at 460C, was inoculated with 1 ml of assay inoculum and poured into a sterile petri dish. A sterile, oxygen-free filter disk which contained HS-CoM was placed on the solidified agar. Plates were transferred to a modified pressure cooker, and a hydrogen-carbon dioxide atmosphere was provided. After incubation for 150 h at 2-atm pressure, a linear relationship was observed between growth zone diameter around the disk and log HS-CoM concentration (Fig. 9) .
Specificity of HS-CoM requirement. Taylor et al. observed that HS-CoM activity could be replaced by the disulfide form of the coenzyme (15) . The stoichiometry of this requirement is documented in Fig. 10 . For a given maximal growth yield, coenzyme activity was replaced by the disulfide form (S-CoM)2 at a half-molar equivalent concentration of HS-CoM. Taylor and Wolfe (16) reported the synthesis and activity of the methylated form of the coenzyme, CH3-S-CoM, the active donor in the enzymic formation of methane. In the growth assay, this alkylated derivative replaced HS-CoM on an equimolar basis (Fig. 10) . In contrast, (CH3)2-SCoM, which was inactive for methane production in cell-free extracts, showed no coenzyme activity. 
DISCUSSION
The system which we have described essentially represents a modification of the Hungate procedure for a specific need. The anaerobic procedures of the Virginia Polytechnic Institute, as described by Holdeman and Moore (6, 7), offer excellent techniques for growing anaerobes where the N2 and CO2 gas phases are used in conjunction with a substrate incorporated into the medium. The septum enclosure method, which utilizes syringe techniques as described by Macy et al. (12) and Miller and Wolin (14) , provides effective anaerobic seals while making use of classical gassing procedures.
The system described here, which consists of a stoppered, pressurized serum tube or vial, offers several advantages over classical procedures for the cultivation of methanogenic bacteria. Medium dispensed to tubes in an anaerobic hood is exposed to a uniform, low-oxygen environment. Since tubes are sealed in the hood, the atmosphere in each tube is identical. The thick rubber stopper, made of rubber identical to that of stoppers used for the standard Hungate procedures, provides an efficient seal when crimped into place. The gas phase in the tube can be rapidly and efficiently exchanged with a simple gassing manifold. Tubed and gassed media can be autoclaved without additional equipment, since the crimped stopper can hold up to 4 atm of pressure. The use of elevated pressure decreases the necessity for frequent addition of substrate as the methane bacteria consume the gas mixture. When necessary, tubes can be repressurized aseptically in a few seconds. The use of syringes for all transfers offers a maximum degree of protection against contamination and exposure to oxygen. In general, this technque for handling extremely fastidious hydrogen-oxidizing anaerobes requires a minimal investment of time to yield consistent, quantitative results. These features might be useful in other clinical and laboratory applications.
With the pressurized system, results of growth studies with M. ruminantium strain Ml have detailed a quantitative and precise relationship between HS-CoM, final cell yield, and total CH4 production. Half involvement in methane production (16) . Whereas the disulfide form of the coenzyme would replace activity at one-half molar equivalent concentration of HS-CoM, CH3-S-CoM replaced activity on an equimolar basis. No activity was observed with the dimethyl-sulfonium derivative, (CH3)2-S-CoM, an inactive substrate for methane production with cell-free extracts. Further studies concerning the specificity of the coenzyme requirement are being pursued and will be reported subsequently. The data presented here establish the precision and sensitivity of M. ruminantium strain Ml for routine use in a vitamin assay to detect HSCoM in other biological materials.
One method which we have described for maintaining methanogens on agar petri dishes in pressure cookers is a modification of the procedure of Edwards and McBride (5). The pressure cookers are easy to modify and require no additional catalyst to maintain an oxygenfree environment. They can be pressurized up to 2 atm, are easily transferred through airlocks, and are inexpensive compared to commercially available chambers. Growth of M. ruminantium strain Ml in agar in the modified pressure cookers was proportional to HS-CoM concentration, representing a useful quantitative spot assay for compound. 
